Introduction
Inkjet printing (IJP) is a direct-write, non-contact and non-vacuum method for deposition of solid thin films [1] [2] [3] [4] [5] [6] . In this technique, picolitre drops of a liquid ink are impelled onto a substrate to precisely deposit films in pre-defined pattern. The ejected drops fall until they come in contact with the substrate. The drops spread because of momentum and surface tension and eventually coalesce on the substrate to form a film. Printed solid film is then formed by solvent evaporation. IJP has high material utilization factor and eliminates the need for masks.
Printed films are likely to be contamination free because of non-contact deposition. Further, IJP is amenable to large scale roll-to-roll deposition of films with sequential and patterning capabilities. Inkjet materials printing (IJMP) has been successfully used in flexible electronics [4, 5] , organic solar cells [7] , electrically conductive contacts [8] , ceramics [9] , sensors [3, 5] and photodetectors [3, 5] . However, the use of IJMP for inorganic solar cells is very few [10] [11] [12] [13] . There are only recent reports on IJP CZTSSe solar cells [10] , In2S3 non-toxic buffer layers [11] , CZTS films [12] and CIGSSe solar cells [13] .
Wang et al. [11] studied IJP In2S3 films as non-toxic Cd-free buffer layer for chalcopyrite thin film solar cells. Lin et al. [13] developed IJP CIGSSe solar cells with 12.3 % conversion efficiency. Further, there are only two reports [10, 12] so far on IJP of CZTS films: one using molecular solution ink [10] and the other utilizing nanoparticle suspension ink [12] .
Lin et al. [10] were first to fabricate IJP CZTSSe solar cells having a photoconversion efficiency of 6.4 %. CZTS precursor layers were printed on Mo/glass substrates from molecular solution ink prepared by dissolving copper (II) chloride, zinc acetate dihydrate, tin (II) chloride dihydrate, thiourea and sodium fluoride in dimethyl sulfoxide (DMSO) with overnight stirring.
The printed precursor layers were preheated at 300 °C in air for 2 min to remove solvent. Later, the films were finally annealed in Se vapour at 560 °C for 20 min to obtain CZTSSe films. In a different approach, Martini et al. [12] described IJP of CZTS films from nanoparticle ink.
CZTS nanoparticles of 3-5 nm sizes were continuously synthesized from an aqueous solution of tin (IV) chloride, copper acetate monohydrate, zinc acetate dihydrate, 3-mercapto acetic acid and sodium sulphide in a microwave reactor. Nanoparticles were washed, centrifuged and redispersed in methyl-ethyl-ketone with 10 % (v/v) of 1-dodecan-thiol to form inkjet ink. The ink was then used for printing of CZTS with an inkjet material printer (DMP-2831, Fujifilm Diamatix). The as-printed films were dried for 1 hr. under vacuum at 190 °C and then at 300
°C . The ultimate CZTS films were obtained by annealing in sulphur vapours at 540 °C for 3 hr.
In this paper we report inkjet printing of CZTS films on glass from a simple molecular solution ink. The ink consists of a solution of (Cu + -Zn +2 -Sn +2 )-thiourea (CZTTU) complex dissolved in a blend of ethylene glycol and isopropanol which can be easily prepared in 20 min.
The printed precursor films were first dried at 70 °C in vacuum followed by heating in air at 200 °C . Films thus obtained are kesterite CZTS as confirmed by X-ray diffraction and Raman spectroscopy. Electrical properties of such films have been also investigated in the wide temperature range of 77 to 300 K.
Experimental

Formulation of ink
Molecular solution ink basically consists of a precursor dissolved in a solvent.
Chaudhuri et al. [14] showed that precursor of (Cu + 
Printing of films
The precursor films were printed on glass substrates using an Inkjet Material Printer 
Characterizations
The composition and crystalline nature of the films were studied by X-ray Diffractometer (Bruker, D2 PHASER). XRD plots were recorded in the 2ϴ range from 10° to 
Results and discussion
Inkjet printing is an upcoming technique used to deposit absorber layers for inorganic thin film solar cells. It is amenable to large scale roll-to-roll printing and patterning for solar cells. This provides a low-cost advantage over conventional fabrication process that involves sequential deposition and patterning. Inkjet printing also has very high materials utilization compared to spin coating and screen printing. Due to this, organic solar cells and other optoelectronic devices such as, light emitting diode and dielectric films has been fabricated using inkjet printing. However, reports on inkjet printing of CZTS films are very few [10, 12] . Only, Lin et al. [10] (DMSO). In this paper, inkjet printing of CZTS thin films from transparent ink has been reported. The films were characterized for structural, optical and electrical measurements.
Inkjet-printed films and characterizations
Fig .2 shows the inkjet-printed CZTS films on glass substrate. Some dots can be found on the final films. This may arise during heating. The films are made up of only a single precursor The average crystallite size deduced from the Scherrer relation is found to be ~ 10 nm. Similar results were reported by Chaudhuri and Tiwari [14] for the CZTS films prepared from methanolic ink.
Theoretical and experimental results showed that thermodynamic equilibrium singlephase CZTS is expected to exist only in a narrow region of the pseudo-ternary Cu2S-ZnS-SnS2 phase diagram. The narrow phase stability makes defects and secondary phase easy to form during the deposition processes. A slight deviation from the optimal growth conditions (1-2 %)
will result in the formation of secondary phases, including, ZnS, Cu2SnS3 (CTS), SnS, SnS2 There are no extra XRD lines due to any secondary phases, such as, ZnS, Cu2S, Cu2SnS3
(CTS), etc. have been observed. However, crystal structure of CZTS, CTS and ZnS are identical and hence they cannot be detected solely by XRD. Hence, Raman spectroscopy is required to confirm the pure phase. Fig.4 shows the Raman shift spectrum of a typical inkjetprinted CZTS thin film. The spectrum shows the signature peak at 340 cm -1 for kesterite CZTS.
There are no other secondary lines due to CuS, ZnS, SnS or Cu2SnS3. The peak at 340 cm -1 is due to the A1 vibrational mode, arising from the vibrations of sulphur atoms in CZTS lattice while rest of the atoms remains stationary [17] . Thus, it is confirmed that inkjet printing from molecular solution ink yield pure CZTS films. The transmittance data was used to calculate the absorption coefficient (α) using Eq. ……… (2) where, α is the absorption coefficient h is Plank's constant ν is the frequency of radiation A is an appropriate constant Eg is the band gap (eV) (a) (b) Fig.5(b) shows the Tauc plot of (αhν) 2 Vs. hν for printed CZTS film. The band gap of the films was deduced by extrapolating linear portion of the plot to zero and found to be 1.48 eV.
This is in good agreement with the reported [19] value of 1.5 eV.
The cross-section of a CZTS thin film as viewed by SEM is presented in Fig.6 which reveals that the film is smooth and homogeneous. The existence of porosity has not been observed. This is similar to the CZTS films made from methanolic solution of CZTTU complex [14] . The above results indicate that IJP precursor films yield CZTS film at 200 °C . IJP ink is a molecular solution of CZTTU complex in EG-IP. This is considerably lower than temperatures reported by Lin et al. [10] . Their IJP films were first pre-heated at 300 °C for solvent removal and then heated at 560 °C in Se. Further, synthesis of molecular ink by Lin et al. [10] takes quite long time: overnight soaking of the precursor chemicals in DMSO. In the present investigation preparation of ink takes only 10 min. 
Electrical properties
Printed CZTS film was p-type with electrical conductivity (σ) and thermoelectric power (TEP) of 0.5 S/cm and +100 µV/K, respectively. The hole concentration (p) and mobility (µ) of the film was 2.65 × 10 19 cm -3 and 0.3 cm 2 V -1 s -1 , respectively as deduced from TEP and σ.
This high value of p is probably due to impurities in precursor chemicals and defects. Similar values were also observed for CZTS films dip-coated [14] and doctor-bladed [15] from molecular inks made from same precursor chemicals.
The temperature variation of electrical conductivity (TVEC) of a typical printed CZTS film from 77 to 300 K is shown in Fig. 7 as represented by the plot of ln(σ) vs. 1/T. In general, the conductivity of film increases with increase in temperature which is characteristic behaviour of a typical semiconductor film. At low temperatures below 125 K (until 77 K), conductivity of the film almost remain constant with temperature. However at higher temperatures above 200 K, the conductivity of the film increases rapidly. The features of TVEC of a sample depend strongly on the mode of conduction dominant in different temperature ranges. It has been found [15, 20, 21] that different types of conduction modes take place in CZTS films depending on the temperature range. These include, Efros-Shklovskii variable range hopping (ES-VRH), Mott variable range hopping (M-VRH), nearest neighbour hopping (NNH), thermionic emission over grain boundary barriers (TE over GBB) and thermally activated band conduction (TABC). reported M-VRH conduction from 80 to 160 K in CZTS pellets. Ghediya et al. [24] also noticed that conductivity of dip-coated CZTS film in the range 77 to 150 K is because of M-VRH. The temperature variation of conductivity (Fig.7) of inkjet-printed CZTS films can be expressed as ……………. (6) The first term of the expression is conduction due to M-VRH prevalent from 77 to 155 K ; the second term signifies NNH conduction predominant from 180 to 240 K and third term denotes thermally activated band conduction dominant from 250 to 300 K.
The inkjet-printed CZTS films in the present investigation are basically nanocrystalline.
The films are p-type with hole concentration of ~ 10 19 cm -3 . These films will have dominating intrinsic defects, such as, copper vacancies, VCu (at 20 meV) and copper on zinc antisites, CuZn (120 meV) acting as acceptor levels. High hole concentration in these films implies that density of defect states (situated near the valance band) are also high. Hence, conduction of holes by hopping through these defects states is highly probable. When a printed CZTS film is at low temperatures (< 250 K), the most of the holes are in the acceptor levels. The thermal energy at these temperatures is insufficient to push the holes to the valence band for conduction. But the energy is sufficient to allow hopping from one level to another in the acceptor levels. 
